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Abstract. A fiuid isolated from chemosensory sensilla on the antennae of males and females of the
cabbage looper, Trickoplusia ni {Hiibner), was fractionated by gel filtration. Enzymatic degradation
of the pheromone was associated with 2 distinct groups of fractions. The first group contained mem-
brane fragments, vesicles, and membrane-bound enzyme or insoluble enzyme aggregates. The second
group of fractions contained solublilized enzyme. Because of the method of isolating the ‘sensillum
liguor’ by breaking the tips of the hairs, membranes from chemoreceptor cell dendrites should greatly
predominate. In general, 3 isomers and the saturated anualog of the pheromone were hydrolyzed
more rapidly than the phcromone.

1. Introduction

Enzymatic and protein-binding reactions of proteins isolated from antennal sensilla
of the adult male cabbage looper, Trichoplusia ni (Hiibner), and its pheromone
[(Z)-7-dodecen—1-ol acetate] have been observed and speculatively implicated in
transduction of olfaction {Ferkovich ef al., 1973a, b). Other examples of such en-
zymatic action or protein binding of specific sex pheromones have been demonstrated
in Bombyx mori (L.) {(Kasang and Kaissling, 1972; Kasang, 1973, 1974} and in Anthe-
raea pernyi Guerin-Meneville (Riddiford, 1970). Also, similar observations of selective
antennal protein binding by anti-feeding compounds were observed with Periplaneta
americana (L.) (Norris et al., 1970; Ferkovich and Norris, 1972).

The response spectrum of the cabbage looper to its pheromone and to various
isomers and analogs of the pheromone is relatively specific and has been studied
behaviorally (Jacobson et al., 1968; Berger and Canerday, 1968; Toba ef al., 1970;
and Kaae ef al., 1973) and electrophysiologically (Grant, 1970; Payne et af., 1970;
Gaston ef al., 1972; and Mayer, 1973, and unpublished). Therefore, we reasoned that
the sensillar enzyme(s), if actually involved in olfactory transduction, would show
some degree of substrate specificity that could be correlated with behavioral responses.

This report describes in detail the initial steps used to purify and localize the en-
zyme system reported earlier (Ferkovich ef al., 1973a, b) and some preliminary
reactions and observations thereon.

* Menlion of a proprietary product in this paper does not constitute an endorsement of this product
by the U.S. Department of Agriculture.
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2. Materials and Methods

2.1. PREPARATION AND GEL FILTRATION OF ANTENNAL PROTEINS

All excisions of antennae and legs from laboratory-reared, 3-5-day-old adult moths
were done at 4 °C in 0.5 M sucrose buffered with 0.05 M Tris-HCI, pH 7.5. Generally,
500 pairs of male antennae(yieldingabout0.38 mg protein), 650 pairs of female antennae
(yielding about 0.2 mg protein) and 350 pairs of male legs (yielding about 0.1 mg
protein} were used for each gel filtration separation. As described previously (Ferko-
vich ef wl., 1973b) the antennae or legs were excised into a 5-ml beaker in ice contain-
ing 1.0 ml of bulfer and sonicated in an ice bath in a Ladd, Model T-586 (82 kHz)
ultrasonic cleaner at full power for 10-30 min depending on the tissue. The yield of
protein oblained depended on the length of sonication, but more importantly on the
number of pairs of organssonicated. The best sonication procedure was to successive-
ly sonicate in one beaker less than 125 pairs of antennae at a time. The sonicated re-
mainder of the bodies of the antennae were saved, rinsed, and the rinse combined with
the sonicate. As can be observed in Figure 1, only the tips of the chemoreceptor sensilla
were fractured. The combined sonicate and rinse solutions were centrifuged at 47 000 g
for 10 min to remove scales and broken sensilla tips, and the protein content was
determined by the method of Lowry et al. (1951).

The resultant supernatant (approx. 1.5 ml) was applied to a column (0.9 cm x 60 cm)
containing Sephadex G-200 equilibrated with 0.05 A7 Tris-HCl, pH 7.5. The column
was operated at 4°C with a flow rate of 5ml hr™! and the effluent was collected in
0.42 ml fractions. In another experiment, the fluid released from sonicated antennae
was sonicated a second time in buffer to which Triton X-100 (0.6%) was added. For
this sonication a Biosonic 111 was used at maximum intensity (approx. | W cm™2 of
the microtip probe). The sonicate was then applied to a Sephadex G-200 column
equilibrated with 0.6% Triton X-100 in 0.05 M Tris-HCl, pH 7.5.

The elution patterns of the protein preparations were continuously monitored at
280 nm. The apparent molecular weight of the Triton X-100 solubilized enzyme was de-
termined with the following protein standards in 0.6%, TRITON X-100 in buffer: aldolase
(1.58 x 10° M.W.}, ovalbumin (4.5 x 10* M.W.), chymotrypsinogen A (2.5 x 10° M.W.),
and ribonuclease A {1.37 x 10* M.W.) (Granath and Kvist, 1967).

2.2. ELECFRON MICROSCOPY

Electron microscopy was used to examine the material in the first peak eluting off a
Sephadex column G-200. The fluid released by the sonication of 600 pairs of male
antennae was applied to the column after prior centrifugation. The fractions of the
void volume peak were combined and then centrifuged at 100.000 g for 2 hr to sedi-

Fig. 1. Demonstrates the initial purity of chemoreceptive elements obtained by sonication: (A)

chemoreceptive sensilla {nrer alia of a typical flagellal segment of T. s/ antenna prior to sonication,

X2100; (B) appearance of sensilla after 5-10 min sonication X2100; (C) demonstrates that the
antenna remains intact except for the fractured sensilla (X140).
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ment any particulate material. The resultant pellet was then prepared for examination
in an electron microscope according to Ferkovich er al. (1974).

2.3. ENZYME ASSAY

Either 0.25 or 0.5 ml of individual protein fractions or combined fractions was pipet-
ted into 0.8 ml incubation vials. A sonicated water suspension of pheromone, or its
isomers (100 ug 0.1 ml~') was prepared as before (Ferkovich et al., 1973b). One-
hundred ui of this suspension was mixed with the antenna or leg protein in a final
volume of 0.6 ml and incubated for either 1, 18 or 24 hr at 22°C. The reaction was
terminated by mixing 0.1 ml of diethyl ether with the contents of the incubation vial.
After phase separation the relative amounts of pheromone remaining and of alcohol
[(Z)-7-dodecen-1-ol] produced was measured by gas liquid chromatography (GLC)
as described previously (Ferkovich ef al., 1973a, b).

2.4, TREATMENT OF MALE ANTENNAL SONICATE WITH NUCLEASES AND ENZYME INHIBITORS

Nucleases - A 0.5 ml aliquot of combined and separate fractions obtained from gel
filtration of the antennal sonicate was incubated with 5 mg of DNAse | plus 0.06%,
MgSO, (bovine pancreas, B grade) or RNAse (bovine pancreas, A grade) (both ob-
tained from Calbiochem) in 1.6 ml of 0.05 M Tris-HCI, pH 7.5 at 37°C for 30 min.
Five-tenths ml of buffer was substituted for the protein fraction as a control. The
pheromone hydrolyzing activity of the samples was then determined by GLC.

Phospholipase C — The antennal sonicate was collected and prepared for gel filtra-
tion chromatography and was incubated with phospholipase C (Type I, CI. welchii
from Sigma Chemical Co.) at |:1, antennal protein: phospholipase C at pH 7.5, for
30 min at 37°C prior to gel filtration (Finean and Coleman, 1970).

DFP and Eserine — The sonicate (34 ug protein) was incubated with diisopropyl
phosphorofluoridate and eserine (3 x 1072 M) in separate runs for 15 min at 37°C,
pH 7.5 and then applied to a column of Sephadex G-200 equilibrated with 1 x 1073 M
of the appropriate inhibitor in buffer.

Chemicals — The synthetic pheromone was 95+ 9, pure; the saturated pheromone
analog, dodecan—1-ol acetate, and the (E)-7-dodecen—1-0l acetate were 98 + %, pure;
and the pheromone isomers, (Z)-8- and (Z)-9-dodecen-1-ol acetates, were 95+,
pure by GLC analysis.

3. Results

3.1. GeL FILTRATION OF ENZYME

The elution pattern of male antennal protein and the enzymatic activity of individual
fractions are shown in Figure 2. Two major absorption peaks were resolved and two
peaks of enzyme activity were observed. One peak of enzyme coincided with the ab-
sorbance peak near the void volume (peak A) and the other (peak B) coincided with a
shoulder preceding the slower-eluting absorption peak. The UV-absorbing material
eluting after 35 ml never degraded the pheromone and contained no protein. A similar
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absorbance and enzyme activity pattern was observed with female antennal and male
leg sonicates.

Examination by transmission electron microscopy of the material in the first ab-
sorption peak cluting off the Sephadex column revealed fragments of membranes and

vesicles (Figure 3).
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Fig. 2.  FElution pattern of male antennal sonicate (0.2 mg protein) on a column of Sephadex G-200

with Tris-HCl, pH 7.5 as eluant and an clution rate of 1.4 ml hr='. Percentage product [(Z)-7-

dodecen-1-ol] after 12 hr incubation at 22°C with 100 gg of pheromone per each 0.95 ml fraction
collected (. :, left ordinatc) absorbance at 280 nm (@, right ordinate).

3.2, ErreCTs OF PHOSPHOLIPASE C AND IRITON X-100 ON THE ELUTION PATTERN OF
ENZYME

The incubation with phospholipase C of a separate, freshly 1solated sample of antennal

sonicate prior to gel filtration chromatography resulted in a decrease in the enzymatic

activity associated with peak A and a concomitant increase in the enzymatic activity

of peak B. There was no indication that the total enzymatic activity of the sample was

changed by this treatment.

The elution pattern of Triton X-100 solubilized male antennal protein and enzymalic
activity of individual fractions is shown in Figure 4. Only one peak of enzyme activity
was obtained, indicating that the addition of Triton X-100 either disrupted protein
aggregates or solubilized a membrane-bound enzyme. The apparent molecular
weight of this Triton X-100 solubilized ‘enzyme was 38 000.

3.3. EFFECT OF NUCLEASES AND INHIBITORS ON ENZYME ACTIVITY

The 280/260 nm absorbance ratio of enzyme peaks A and B from male antennae was
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Fig. 3. Electron micrograph of membrane vesicles eluting in the void volume of a gel permeation
separation of male antenal sonicate (X61 500).
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Fig. 4. Elution pattern of Triton X-100 solubilized male antennal sonicate (1.9 mg protein) on a

column of Sephadex G-200 with 0.6 %/ Triton X-100 in 0.05 M Tris-HCI, pH 7.5 as eluant and an

elution rate of 5.32 ml hr-1. Percentage product {(Z)-7-dodecen—1-ol] after 60 min incubation at

22°C with 100 g of pheromone per each 0.44 ml fraction collected (O, left ordinate); absorbance
at 280 nm (@, right ordinate).
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0.455 and 0.320, respectively. This low ratio suggested that either nucleic acids or
other materials absorbing predominantly at 260 nm were associated with the enzyme.
Treatment of the enzyme in both peaks with DNAse and RNAse, however, did not
influence the rate of pheromone hydrolysis.

Short term incubation of male antennal sonicate with the two esterase inhibitors,
DFP and eserine, did not inhibit activity of the enzyme peak A or B, and thus suggest-
ed that the enzyme(s) was not a general, nonspecific esterase.

34, RELATIVE IIYDROLYSIS OF PHEROMONE AND ISOMERS IN VITRO

The results of tests of enzyme specificity with male and female antennae and male
legs are summarized in Table [. In this experiment fractions containing the first (A)
and second (B) peaks of enzyme activity eluting from the column were combined and
aliquots were incubated with the various chemicals. The most interesting aspect in
tlus rough measure of specificity is that almost all chemicals were degraded to the
alcohol to a greater extent than was the pheromone and that no great differences were
obscrved between enzyme in peak A and B.

TABLE 1

Percentage isomeric alcohol produced after 18 hr incubation with combined fractions
conlaining enzyme peak A (15-22 ml eluant) or with peak B (25-32 ml eluant) from
male and female antennae and male legs

Percentage conversion of acetate 1o isomeric
alcohol ® by:

Male antenna Female antenna Male legs

Enzyme peak Enzyme peak Enzyme peak

Chemical

Ab Bd Ab Bd Ac RBd
(Z) -7-dodecen-1--ol acetate 51.5 56.9 54.6 458 53 275
(Z)-%—dodccen-1-ol acetatc 99.2 929 97.6 89,5 253 558
{7)-9-dodecen- 1-ol acctate 39.0  74.7 59.6 40.7 1.6 8.7
{£)-7-dodecer—1-ol acetate 309 314 69.4 - 42 214
Dodecan-1-o0l acetate 60.8 49.2 347 2538 3.1 11.7

» (Z)-T-dodecen-1-ol was confirmed as the reaction product from (Z )-7-dodecen—1-
ol acetate by comparing retention times on Iwo GLC columns and by mass spectro-
melry.

b 1| yg and ¢ 3 pg protein, 100 g pheromene 0.2 ml~! 0.05 M Tris-HCl, pH 7.5 at
22 °C for 60 min.

4 No protein detected by 1he method of Lowry et al. (1951).

A second experiment was performed in which only the male antennal enzymes were
used. This experiment was designed to duplicate the previous experiment in part and
to establish whether individval column fractions representing the maxima of the
peaks of enzymalic activity reacted differently than combined fractions of these peaks.
The results (Table I1) again confirmed that the pheromone was generally degraded
less than any of the other isomers. No major differences were observed between indi-
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TABLE 1I

Percentage isomeric alcohol produced after 1- and 24-hr incubation with individual and
combined fractions of enzyme in peaks A and B from male antennae

Enzyme Fractions Incubation time  Percentage conversion of dodecen—1-ol
peak X - acetate to isomeric alcohol
Combined Individual (hr)
1 24 (Z)-7- (E)-T- (Z)-8- (Z2)9-
A + + 5.8 12.1 51.7 23.2
+ + 68.1 99.4 100.0 97.4
+ + 1.1 5.1 20.5 9.3
+ + 8.8 20.2 79.7 55.3
B + + 325 20.5 54.9 214
+ + 96.6 83.0 100.0 47.7
+ + 44 6.1 59.1 35.2
+ + 14.7 220 96.9 78.7

vidual and grouped column fractions in peaks A and B. Possibly, the decreased
enzymatic hydrolysis of the pheromone could be the result of nonenzymatic binding
to receptors or to the absence of a cofactor.

These in vitro data are in essential agreement with those of Kasang and Kaissling
(1972) and Kasang (1973) who found that 2 analogs of bombykol were metabolized
in or on the sensilla of B. mori in vivo to the same extent as bombykol, the pheromone.
Kinetic studies of the enzyme system irn vitro, which are now underway, will be necessa-
ry to firmly establish enzyme specificity and to correlate this specificity with that in
vivo.

4. Discussion

This report provides details of a technique that results in a rapid isolation of elements
of chemoreceptors and which eliminates most of the extraneous cellular elements
generally obtained in homogenates. Some nonchemoreceptor contaminants escape
from the cut ends of the antennae during sonication and various types of chemo-
receptors may be fractured. However, the moth antenna has large numbers of
pheromone-receptor cells and it is reasonable to assume that reactions of this receptor
type with pheromone is responsible in large part for the reactions measured here. The
females of 7. ni also perceive their own pheromone (Grant, 1970; Mayer, unpublished)
and we obtain identical biochemical reactions. At this time we do not comprehend the
biochemical relationships of the legs to pheromone hydrolysis; however, no evidence
is available concerning the presence of olfactory chemoreceptors on the legs of moths,
although there are some trichoid sensilla present.

The evidence presented here, and that obtained previously (Ferkovich et al., 1973a,
b}), lead us to the assumption that we are working with at least a part of the olfactory
transductory process. The site of this process, as we conceive it, is the dendritic mem-
brane, contiguous chemically or physically with the external cuticular surface. More-
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over. the cuticular surface may also have a physico/chemical role in transport ol the
odor molecule to the pore (Adam and Delbriick, 1968) and/or in degradation ol excess
pheromone {Maver. 1975} We do not inler that the transductory mechanism is
primariy an enzyvmatic process (Dravnieks, 1966); we do believe, though, that the
protein binding we observe (Ferkovich ef al., 1973a) is an integral part of the mechan-
ism. The enzymatic cleavage ol the pheromone may occur after the event ol transduc-
tion.

The following evidence provided in this report strongly intimates that some ol the
pheromone-degrading enzvme is membrane-bound: (1) sonication with a detergent
(Triton X-100) climinated enzymatic activity associated with membranc clements;
and (2) incubation with phospholipase C which degrades membranes (Finean and
Coleman, 1970) shifted the elution of enzymatic activity away from the void volume
{Vo) of the column toward regions where the solubilized enzyme would elute. When
these two observations are considered 1n conjunction with the sonicatton technique
(Ferkovich ef al., 1973b) which predominantly breaks off only the chemoreceptive
scosilla. the evidence becomes strongly indicative that at least some of the enzyme(s)
is located in or on the dendritic endings of the primary olfactory receptor cell. How-
ever, another possibility is that the enzyme may be located on the cuticular surface
(Maver, 1975) and that it was dissociated from the cuticle during sonication.

Maver (1975) demonstrated substrate specificity in vive of the antennal enzyme(s)
for the pheromone over closely related isomers and analogs at short exposure times
(451 With longer periods of exposure (>1 min) ol the pheromone to the antennae,
no pattern ol specificity was observed. In the in vifro studies reported here, however,
the antennal enzymes degraded the pheromone more slowly than the behaviorally
mactive semers of the pheromone. The enzymatic activity was nol monitored at
short time intervals as in the i vivo studies. and it is possible that the in vitro enzyme
speciticity would be similar to that in the short term in vivo studies. Another possibili-
tv 1 that the difference in the in vitro and in vivo mecubations was due to nonenzymatic
binding by protein ‘acceptors’ (Kaissling, 1969) such i1s as observed in hormone
receptor binding (Freedman, 1974).

The net ellfect of such aceeptors preferentially binding the pheromone would
result in a greater deerease in the rate of enzvime hydrolysis of the pheromone than on
the isomers of the pheromone. This later supposition is supported by our previous
UV absorption studies which showed that a nonenzvimatic binding also oceurs with
another odorant molecule | (Z)-7-dodecen--1-ol].

These and other observations reinforee our inclination to analogize these reac-
tions of olfactory cells to the acetylcholine reeeptor-acetylcholinesterase system of
other nerve cells and synapse mechanisms (Kitz, 1973).
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